The best method to mobilize PBSCs in patients with non-Hodgkin's Lymphoma (NHL) is uncertain. We hypothesized that PBSC mobilization using an intensive chemotherapy regimen would improve outcomes after autologous hematopoietic stem cell transplantation (ASCT) in NHL patients at high risk for relapse. Fifty NHL patients were prospectively allocated to intense mobilization with high-dose etoposide plus either highdose cytarabine or CY if they were 'high risk' for relapse, whereas 30 patients were allocated to nonintense mobilization with CY if they were 'standard risk' (all patients, ±rituximab). All intensely mobilized patients were hospitalized compared with one-third of nonintensely mobilized patients. The EFS after ASCT was the same between the two groups, but overall survival (OS) was better for intensely mobilized patients (o0.01), including the diffuse large B-cell subgroup (Po0.04). We conclude that the intense mobilization of PBSCs in patients with NHL is more efficient than nonintense mobilization, but with greater toxicity. The equalization of EFS and superiority of OS in patients intensely mobilized to those nonintensely mobilized suggests that a treatment strategy using intensive chemotherapy for mobilization may be improving NHL outcomes after ASCT.
Introduction
Autologous hematopoietic stem cell transplantation (ASCT) is the treatment of choice for relapsed nonHodgkin's lymphoma (NHL).
1 ASCT strategies are now focusing on optimizing the mobilization of autologous PBSCs, minimizing tumor contamination of the PBSC product, maximizing the cytoreduction of endogenous tumor cells in the patient and ameliorating the toxicity of high-dose therapy. We hypothesized that the use of an intensive and effective antilymphoma regimen used for mobilization might improve outcomes following ASCT by reducing the tumor burden before transplant and might also provide an in vivo purging effect on the stem cell product. We have recently shown that 6 g/m 2 of CY combined with 2 gm/m 2 of etoposide (CE) and filgrastim (G-CSF) produced a high response rate in patients with multiple myeloma and relapsed/high-risk NHL while mobilizing 18.3 million CD34 cells per kg in a median of one apheresis procedure. 2 This was accomplished, however, at the expense of a 3.5-week hospitalization and a 2% treatment-related mortality.
Most PBSC mobilizing regimens for NHL utilize CY (with or without rituximab) without the expectation that the chemotherapy used will significantly treat residual lymphoma. Our group has already tested and published a mobilizing regimen for AML using high doses of etoposide and cytarabine (EA) with excellent efficiency of mobilizing autologous PBSCs. 3 We applied EA, with rituximab (EAR), in those NHL patients known to be CD20 positive, to high-risk NHL patients started to undergo PBSC mobilization and ASCT. The use of EAR to mobilize PBSCs has proven safe and effective in patients with mantle cell lymphoma as per Cancer and Leukemia Group B protocol 59909. 4 Our hypothesis was that intense mobilization therapy would efficiently mobilize autologous PBSCs while improving the EFS of high-risk NHL patients following ASCT. We now report a retrospective analysis of NHL patients prospectively undergoing ASCT with the cyclophosphamide-carmustine-etoposide (CBV) regimen allocated by physician choice either to standard CY mobilization of PBSCs or to intense mobilization of PBSCs.
Materials and methods

Eligibility
Patients between the ages of 18 and 69 years were eligible for study enrollment, provided they had histologically documented NHL as well as the following: (1) chemotherapy-sensitive relapse of NHL (partial or complete second responses; any histology); (2) partial response or less to initial NHL chemotherapy (primary induction failure); and (3) first complete response to induction chemotherapy if affected by mantle cell lymphoma, intravascular lymphoma, primary central nervous system lymphoma or peripheral T-cell lymphoma. Other eligibility criteria included the following: no known hypersensitivity to murine products; negative HIV serology; neither pregnant nor nursing; left ventricular ejection fraction X40%; serum creatinine p2 mg/100 ml; and signed, informed consent. Patients were excluded for symptomatic meningeal or parenchymal brain lymphoma and medical conditions requiring the chronic use of corticosteroids. Patients positive for hepatitis B surface antigen and/or hepatitis C antibody were excluded if the total bilirubin was 42 times the upper limit of normal (ULN), the aspartate aminotransferase was 43 times the ULN, and/or a liver biopsy showed greater than grade 2 fibrosis.
On-study procedures At the time of study enrollment, patients underwent the following procedures: history and physical examination, assessment of performance status, laboratory studies including a complete blood count, differential and platelet count, serum electrolytes, serum creatinine and blood urea nitrogen, calcium, liver chemistries, lactate dehydrogenase (LDH), serologies for hepatitis B, hepatitis C and HIV, urine or serum B-HCG in women of childbearing age, electrocardiogram, echocardiogram or multigated nuclear cardiac scintogram, chest radiograph, lumbar puncture (if aggressive histology), computer tomography scan or magnetic resonance images of chest/abdomen/pelvis (positron emission tomographic imaging was not required) and a unilateral bone marrow aspirate and biopsy with cytogenetic analysis. All patients had tissue biopsy demonstration of NHL.
Treatment
Eligible patients enrolled in this prospective trial to examine the outcomes of ASCT using the CBV conditioning regimen. The method of mobilizing PBSC was not protocol specified. Nonprotocol-specified decisions were prospectively and uniformly made with regard to the method of PBSC mobilization. Patients considered 'standard risk' for relapse received 4 gm/m 2 cyclophosphamide intravenously (i.v.) (dose reduced to 2.5 gm/m 2 for serum creatinine X1.5 mg/100 ml) on day 1 and G-CSF 5 mg/kg subcutaneously (s.c.) daily (beginning from day 4). The G-CSF dose was increased to 10 mg/kg s.c. beginning from day 9 and continued daily until the completion of PBSC collection. In the first 20 patients, the PBSC product was ex vivo purged with a combination of B-cell or T-cell MoAbs plus human complement. 5, 6 Thereafter, the PBSCs were in vivo purged with rituximab 375 mg/m 2 if the patient had a CD20-positive B-cell NHL. 7, 8 Mesna was given at a dose 120% of the CY dose to prevent hemorrhagic cystitis. Leukapheresis was started when the WBC count reached 10 000/ml or greater. 2 Eighteen liters of blood was processed per procedure. The CD34 cell dose target was 5 million/kg, with a minimum goal of 2 million/kg to proceed to ASCT. In patients with a CD34 cell dose of less than 2 million/kg, the colony-forming unit GM (CFU-GM) per kg needed to be Z20 Â 10 4 /kg to proceed with ASCT. 2 In patients designated 'high risk' for relapse, the mobilizing regimen was CE either with or without rituximab, EA or EAR. The 'high-risk' status was given to those patients who never achieved complete remission with their primary NHL therapy (primary induction failure), had a first complete remission duration less than 1 year, had a lactate dehydrogenase (LDH) level of X500 IU/l at diagnosis, had two or more extranodal sites of NHL at diagnosis and/or were in any complete or partial response of mantle cell, central nervous system, intravascular or peripheral T-cell NHL histologies. CE 3,4 Cytarabine dose modification was performed on the basis of the daily serum creatinine, as previously reported. 9 In CD20-positive patients, after conclusion of the cohort undergoing ex vivo purging with MoAbs, rituximab was added to CE or EA as in vivo purging. 7, 8 Rituximab was given at a dose of 375 mg/m 2 i.v. on days 6 and 13 of the mobilizing regimen. G-CSF was given s.c. (5 mg/kg) daily beginning from day 14 until the conclusion of the PBSC collection. The leukapheresis procedures and CD34 cell dose targets were the same as with the 'standard-risk' patients. Most patients received the same conditioning regimen for ASCT, CBV: carmustine 15 mg/kg (maximum dose, 550 mg/m 2 ) i.v. over 1 h on day À6; etoposide 60 mg/kg i.v. over 4 h on day À4; and CY 100 mg/kg i.v. over 3 h on day À2. 10 The infusion of autologous PBSCs i.v. occurred on day zero. Mesna was given (120 mg/kg) i.v. over 24 h beginning with the CY infusion to prevent hemorrhagic cystitis.
Supportive care
Because of the intensity of this PBSC mobilization program, severe myelosuppression was expected. Patients therefore received filgrastim (G-CSF) as well as bacterial (fluoroquinolone) and fungal (fluconazole or other azole) prophylaxis during the neutrophil nadirs of CE ± rituximab or EA/EAR. Patients receiving mobilization therapy with cyclophosphamide ± rituximab received fluoroquinolones and G-CSF during their neutropenic period. All patients received Pneumocystis carinii prophylaxis (trimethoprim/ sulfamethoxazole double strength twice daily 2 days per week) and Varicella zoster prophylaxis (acyclovir 200 mg three times daily) starting with PBSC mobilization chemotherapy. Packed RBC transfusions were given if the hematocrit was less than 26%; platelet transfusions were given if the platelet count was o10 000/ml in patients low risk for bleeding.
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Febrile neutropenia and transfusion support were managed as per the University of California, San Francisco institutional guidelines. High-dose prednisone (0.5 mg/kg twice daily) was recommended for any patient felt to be experiencing carmustine pneumonitis with an expected 6-week course involving tapering doses of prednisone. 12 Statistical analysis This is a retrospective analysis of a prospective trial examining the outcomes of NHL patients undergoing
ASCT with CBV conditioning. All patients received informed, written consent for participation in this study.
No additional risks to study participants were incurred from this retrospective analysis. Differences in patient cohort demographics and baseline characteristics were analyzed by the Student's t-test. Dichotomous variables were analyzed by the w 2 statistic. The primary end point of this retrospective study was EFS, with the secondary end point being overall survival (OS), on an intention-to-treat basis. EFS, OS, complete response and partial response were defined as per the International Working Group criteria for responses in NHL. 13 Survival end points began with the date of the PBSC infusion. EFS and OS were calculated using the Kaplan-Meier method. Significant differences between groups needed to demonstrate P-values o0.05. The log-rank analysis was used to compare the survival outcomes of patient cohorts.
Results
Patient characteristics
Eighty patients were enrolled on the study between August 1999 and September 2005 ( Table 1 ). The median age was 54 years. Sixty-five percent of patients were Ann Arbor stage IV at their initial diagnosis of NHL, with 57% demonstrating an elevated LDH at that time. Ninety-three percent of patients had B-cell histology (Table 2) . Of the 60 patients whose graft did not undergo ex vivo purging, 56 (93%) were CD20 ( þ ) and received IV rituximab as in vivo purging. Two of the 20 patients undergoing ex vivo purging also received IV rituximab as in vivo purging. Patients allocated to intense mobilization therapy were more likely to have an elevated LDH at diagnosis (Table 1) and were more likely to have a first CR under 1 year (Table 3) . Patients allocated to intense mobilization therapy tended to have a higher International Prognostic Index score and to have received more therapies earlier (Table 3) .
The salvage therapy just proximal to the mobilization therapy was not strictly defined. Patients allocated to nonintense and to intense mobilization both received a median of two cycles of salvage therapy (0-5) just before mobilization. In nonintense patients, the salvage therapy was (R)CHOP (n ¼ 9), ESHAP (n ¼ 4), other (n ¼ 12) and none (n ¼ 3). In intense patients, the salvage therapy was RCHOP (n ¼ 1), (R)ESHAP (n ¼ 5), (R)ICE (n ¼ 14), other (n ¼ 14) and none (n ¼ 5). Twelve of twenty five (48%) of nonintense patients achieved a complete response from their proximal salvage therapy compared with the 12 of 34 (35%) of intense patients (P ¼ 0.23).
Toxicity
The intense mobilization of PBSCs was more toxic than the nonintense mobilization of PBSCs (Table 4 ). All patients receiving intense mobilization required hospitalization, for Intensive vs conventional stem cell mobilization L Damon et al a median of 24 days (19-37). Ten of thirty patients (33%) receiving nonintense mobilization were hospitalized for a median of 2 days (1-11), when hospitalized. The reasons for nonintensely mobilized patients to be hospitalized were as follows: medical or social reasons to deliver CY in the hospital (2); febrile neutropenia (3); intractable nausea/ vomiting (4); and cardiac tamponade (1). Patients allocated to intense mobilization therapy spent significantly more days with neutrophils under 500/ml and platelets under 20 000/ml while receiving significantly more platelet and RBC transfusions than patients allocated to nonintense mobilization therapy (Table 4 ). Hepatic and renal toxicity was mild and no difference was found when comparing the two mobilization schemes (Table 4) . There were no treatment-related deaths from either intense or nonintense mobilization therapy. There were three treatment-related deaths after ASCT. There were two deaths due to carmustine pneumonitis (one nonintense mobilization and one EAR) and one death due to cardiomyopathy (EA). Two patients, both with nonintense mobilization, did not receive CBV and ASCT. One had an inadequate collection of PBSCs and autologous bone marrow. That patient instead received a second course of EAR with infusion of his PBSCs and bone marrow as cellular support. The second patient received high-dose carmustine at which time an enlarged cervical lymph node was noted. Biopsy of the lymph node revealed metastatic tongue cancer. The second patient did not receive the conditioning etoposide or CY but received an infusion of his PBSCs.
Engraftment
Intense PBSC mobilization yielded a greater number of CD34-positive cells in fewer apheresis procedures (Table 5) . Not all collected PBSCs were infused on day zero of ASCT. The CD34 cell dose infused was left to the discretion of the patient's attending physician, provided the CD34 cell dose was 5 million/kg or greater. Twice as many CD34 cells were infused into patients who underwent intense mobilization compared with those who underwent nonintense mobilization. Despite this difference in infused CD34 cell dose, there were no differences in myeloid engraftment (Table 5) . One patient (who was mobilized with EA) required infusion of backup PBSCs for poor engraftment and subsequently had full engraftment. In the 20 patients who had ex vivo purging of their PBSCs with MoAbs and complement, the postpurge CD34 cell-dose yield was 61% (prepurge CD34 cell dose, median 7.2 million/kg (range 2.3-30 million/kg) and post-purge CD34 cell dose, median 4.9 million/kg (range 1.3-13 million/kg)). There was no difference in engraftment parameters comparing patients whose PBSC were ex vivo purged to those who had no ex vivo purging (Table 5 ). Intensive vs conventional stem cell mobilization L Damon et al
Survival outcomes
The median follow-up of survivors in this study is 2.5 years (range 0.1-7.6 years). The median EFS and OS of all enrolled patients were both 5.2 years (Table 6 ; Figure 1 ). There was no difference in the EFS comparing patients undergoing intense mobilization to nonintense mobilization of PBSCs, but the OS was better for patients undergoing intense mobilization (median OS, 5.4 vs 4.5 years, respectively, Po0.01) ( Table 6 ; Figure 2 ). Likewise, in the subgroup of diffuse large B-cell NHL, there was no difference in EFS but a significantly better OS (Po0.04) in patients undergoing intense PBSC mobilization (Table 6 and Figure 3 ). There were no differences in EFS or OS comparing the subgroups of the major NHL histologies (diffuse large B-cell, transformed low grade or mantle cell) or whether or not ex vivo purging of the PBSC product was performed (data not shown).
Discussion
The optimal method of PBSC mobilization for ASCT in patients with NHL is not yet established. Two major considerations are the degree of NHL contamination of the PBSC product and the efficiency of the PBSC mobilization procedure, but the mobilizing regimen may also contribute to overall outcomes through its direct antitumor effect. In our retrospective study, we found that the intense mobilization of PBSCs yielded a more efficient PBSC product (a greater CD34 cell dose in fewer aphereses), but at the expense of a prolonged hospital stay. Furthermore, intense mobilization of PBSCs did not produce better engraftment when used following CBV conditioning compared with nonintense mobilization. More importantly, the patients who received intensive chemotherapy mobilization on the basis of their physician's assessment that they were at high-risk of relapse had outcomes that were at least as good as those felt to be at standard risk of relapse. This suggests that the intense mobilization of PBSCs in high-risk NHL patients helped to overcome adverse prognostic factors. Whether a relapse of NHL occurs following high-dose therapy/ASCT is due to residual NHL in the patient or due to contaminating NHL cells in the PBSC product has not yet been settled.
14-17 Our study was not designed to resolve this question. However, the equivalent EFS rates between those NHL patients undergoing intense PBSC mobilization, deemed to be at high risk for NHL relapse, compared with those NHL patients receiving nonintense mobilization therapy, felt to be at a lower risk for relapse, suggests that intense PBSC mobilizing therapy contributed to treatment success in one or both of these ways. It is unlikely that the salvage therapy patients received proximal to mobilization normalized the outcomes in these two risk groups, as both groups received the same number of cycles of salvage therapy and there was there was no difference in the complete response rates to this salvage therapy between groups. In fact, there was a trend toward more complete responses to the proximal salvage therapy in the nonintense group, which, if anything, would bias toward favorable outcomes in this group. There is significant cost and morbidity associated with the intense mobilization of PBSCs in NHL patients: a 3.5-week hospital stay. Fortunately, there were no treatment-related deaths due to intense mobilization in the 50 patients in this study. Patients undergoing intense mobilization required, as expected, more blood products and spent more time severely neutropenic compared with those undergoing nonintense mobilization. In a sense, intense mobilization therapy can be thought of as the first of a tandem ASCT for NHL.
To date, at least seven pilot studies have explored the use of tandem ASCT for NHL. [18] [19] [20] [21] [22] [23] [24] These studies mostly involve NHL mixed with Hodgkin's lymphoma patients whose disease status ranges from primary refractory to sensitive or refractory relapse to high-risk first complete remission. A total of 74-76% of patients completed both transplants. 22, 24 In contrast, 100% of our intensely mobilized patients were able to undergo ASCT. Significant complications of tandem ASCT include a treatment-related mortality rate of 8-16% [22] [23] [24] and, in one study, a venoocclusive disease of liver rate of 13%. 18 We had a total treatment-related mortality of 4% (all after ASCT) and no veno-occlusive disease of liver. One tandem ASCT study tested the tandem ASCT concept in patients with aggressive NHL with 2-3 age-adjusted International Prognostic Index risk factors in first complete remission of their lymphoma. 20 The 3-year EFS and OS were 47 and 50%, respectively, and the authors concluded tandem ASCT to be no better than a single ASCT compared with historical controls within the same study group with similar risk factors. In our patients with diffuse large B-cell NHL and worse characteristics (including primary induction failure and relapsed patients), the 4-year EFS and OS were 67 and 76%, respectively. There are too many differences between the patients and their treatments in these studies for us to speculate whether our two-step, intense mobilization approach is the same, better or worse than a tandem ASCT for NHL. We feel, however, that the high doses of chemotherapy utilized to mobilize PBSC in our intensely mobilized patients likely had an important impact on their ultimate outcomes.
The contribution of purging NHL from the PBSC graft to improving outcomes in NHL is not at all clear. Our initial intention was to explore ex vivo purging of the grafts with MoAbs and complement. 5, 6 The MoAbs were no longer available after the first 20 patients were enrolled. We therefore switched to the emerging idea of in vivo purging with rituximab for those individuals with CD20 ( þ ) tumors. Data at the time was showing great success in purging contaminating NHL cells from grafts by this technique in individuals with informative PCR for the rearranged bcl-1/IgH and bcl-2/IgH transcripts. 7, 8 We did not follow patients prospectively for the effectiveness of in vivo purging in the graft nor for minimal residual disease. How much in vivo rituximab contributed to NHL outcomes cannot be answered in this retrospective study.
It is intriguing that OS was significantly improved in intensely mobilized patients, but EFS was not. However, the EFS curves plateau after 2 years in the intensely treated patients but continuously fall in the nonintensely mobilized The Kaplan-Meier probabilities of event-free survival and overall survival for all patients enrolled on study.
Intensive vs conventional stem cell mobilization L Damon et al patients. This suggests, but does not prove, that the intense mobilization strategy cures more NHL patients than the nonintense strategy. Perhaps this improved EFS outcome is not evident by log-rank analysis due to the small number of patients in each subgroup, yet the translation of this benefit nonetheless became evident in the OS curves.
In summary, mobilizing PBSC with intense therapy is more efficient than mobilizing PBSCs with nonintense therapy, but with substantially more toxicity, in patients with NHL. The equivalency of EFS and improvement in OS in intensely mobilized patients after ASCT with CBV compared with nonintensely mobilized patients is indirect Overall survival Figure 2 The Kaplan-Meier probabilities of event-free survival (a) and overall survival (OS) (b) comparing those patients undergoing intense vs nonintense mobilization therapy. OS was better for patients undergoing intense mobilization therapy (Po0.01).
Intensive vs conventional stem cell mobilization L Damon et al evidence that the intense mobilization strategy is better, as our intensely mobilized patients had risk features suggesting a greater chance of relapse following ASCT. Our trial is not definitive, as a prospective randomization between mobilization schemes did not occur. A comparative trial of mobilization strategies is warranted in high-risk NHL patients who are appropriate candidates for ASCT. Event-free survival Figure 3 The Kaplan-Meier probabilities of event-free survival (a) and overall survival (OS) (b) comparing patients with diffuse large B-cell lymphoma undergoing intense vs nonintense mobilization therapy. OS was better for patients undergoing intense mobilization therapy (Po0.04).
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